We examined cytochrome oxidase (CO) activity in striate cortex of four macaque monkeys after monocular enucleation at ages 1, 1, 5, and 12 weeks. These animal experiments were performed to guide our interpretation of CO patterns in occipital lobe specimens obtained from two children who died several years after monocular enucleation during infancy for tumor. In the macaques, the ocular dominance columns were labelled by injecting [ 3 H]proline into the remaining eye. After enucleation at age 1 week, ocular dominance columns were eliminated in layer IVcb, resulting in a uniform pattern of autoradiographic label and CO staining. However, columns could still be seen in wet, unstained sections and with the Liesegang silver stain. Autoradiographs through layers IVca and IVa showed residual, shrunken columns belonging to the missing eye, indicating that enucleation has less drastic effects in these layers. In the two human cases, enucleation at age 1 week also resulted in uniform CO staining in layer IVc. In the macaque after enucleation at age 5 weeks, ocular dominance columns belonging to the missing eye were severely narrowed, but still occupied 20% of layer IVcb. CO revealed wide, dark columns alternating with thin, pale columns in layer IVcb. The CO pattern and the columns labelled by autoradiography matched perfectly. After enucleation at age 12 weeks, only mild shrinkage of ocular dominance columns occurred. Enucleation at ages 1, 5, and 12 weeks did not alter the pattern of thin-pale-thick-pale stripes in V2. The main findings from this study were that (1) CO histochemistry accurately labels the boundaries of columns in layer IVcb of macaque striate cortex after early monocular enucleation, making it a suitable technique for defining the critical period for plasticity of ocular dominance columns in human striate cortex; (2) enucleation causes more severe shrinkage of ocular dominance columns than eyelid suture; (3) early monocular enucleation obliterates ocular dominance columns in layer IVcb, but their pattern remains visible in wet sections and with the Liesegang stain; and (4) enucleation does not affect CO staining in V2.
Introduction
Striate cortex contains vertical slabs of tissue, called ocular dominance columns, populated by cells responding best to the same eye (Hubel & Wiesel, 1965 , 1977a . During a brief "critical period" following birth, projections from the lateral geniculate body to layer IVc of the ocular dominance columns can be induced to shrink by monocular eyelid suture. This phenomenon is thought to underlie the profound amblyopia which develops in a child deprived of vision by a dense monocular cataract. In previous reports, the exact timing of the critical period was defined in macaques by performing eyelid suture in young animals at successively later ages (Hubel et al., 1977b; Blakemore et al., 1978; LeVay et al., 1980; Swindale et al., 1981; Horton & Hocking, 1997b) . The goal of this present study is to lay the groundwork for charting the critical period for plasticity of ocular dominance columns in humans.
Two obstacles have made this issue difficult to address. First, one must obtain specimens of visual cortex postmortem from subjects with a history of visual deprivation commencing at various ages from birth to ;1 year. Such cases become available only rarely, and are likely to comprise a disparate mixture of congenital cataract, trauma, and tumor. It is unknown whether data gleaned from subjects who suffered visual deprivation from such different etiologies can be lumped together. No prior animal study has compared column widths after eyelid suture (a laboratory model for cataract) with those after eye enucleation. Are these manipulations equivalent, in terms of the severity of column shrinkage and the timing of the critical period?
Second, cytochrome oxidase (CO) histochemistry provides the only easy method for labelling the ocular dominance columns in humans (Horton & Hedley-Whyte, 1984; Horton et al., 1990) . After monocular enucleation in adults, a pattern of alternating pale and dark CO columns becomes visible. The pale columns are congruent with the ocular dominance columns serving the enucleated eye, as shown previously in macaques by combining [ 3 H]proline transneuronal autoradiography with CO histochemistry (Horton, 1984) . It has not yet been demonstrated that monocular enucleation performed early in life, during the critical period, yields a pattern of CO activity identical to the ocular dominance columns. This point must be settled definitively before one can interpret with confidence the findings from cases with a history of enucleation during infancy.
For this present report, we labelled the ocular dominance columns in macaques by intraocular injection of [ 3 H]proline to quantify the shrinkage induced by early monocular enucleation. Flatmounts of striate cortex were prepared to compare the degree of column shrinkage with that produced by eyelid suture (Horton & Hocking, 1997b) . We also examined the effects of early monocular enucleation upon patterns of CO activity in macaque V1 and V2. Finally, we analyzed CO activity in visual cortex from two children who underwent monocular enucleation as infants because of intraocular tumor. These findings have appeared in abstract form (Horton, 1994) .
Methods

Animal studies
The right eye was enucleated at various ages shortly after birth in four male Rhesus monkeys born by normal delivery to time-mated parents between embryonic days 163-167 (full term ϭ 165 days) at the California Regional Primate Research Center (Davis, CA). The procedure was performed under general anesthesia following a protocol approved by the Committees on Animal Research at the University of California, Davis and UCSF. At age 1-2 years, the animals were transferred to UCSF to label their ocular dominance -[2,3,4,5-3 H]proline (specific activity 102-106 Ci0mmol; Amersham, Arlington Heights, IL) was made into the vitreous of the remaining left eye under anesthesia with ketamine HCl (10 mg0kg, i.m.) and topical proparacaine HCl. After allowing 7-9 days for transport of the tracer, the monkeys were given a lethal injection of sodium pentobarbital into the peritoneal cavity. One liter of normal saline followed by 1 liter of 2% paraformaldehyde in 0.1 M phosphate buffer was perfused through the left ventricle. Striate cortex from both hemispheres was flat mounted and cut with a freezing microtome at 30 mm. Wet, unstained sections were examined first under dark-field illumination to analyze myelin patterns (Horton & Hocking, 1997a) . They were subsequently processed for either autoradiography (Wiesel et al., 1974) or CO histochemistry (WongRiley, 1979) . About five sections per hemisphere were processed with the Liesegang method (LeVay et al., 1975) . Our methods for preparing autoradiographic montages and for data analysis have been described previously in detail (Horton & Hocking, 1997b) . No correction was made for tissue shrinkage induced by tissue perfusion and processing. 
Human studies
The occipital lobes were obtained postmortem from two children, aged 28 months and 51 months, who died of a primitive neuroectodermal tumor. Both children had undergone monocular enucleation during infancy for retinoblastoma. Relevant details of their clinical histories are presented in the Results. After fixation by immersion in 2% paraformaldehyde in 0.1 M phosphate buffer, frozen sections were cut through striate cortex at 50 mm and reacted for CO activity.
Results
Monkey 1
In this animal the right eye was enucleated 7 days after birth. At age 2 years the left eye was injected with [ 3 H]proline. Fig. 1A shows a wet, unstained tangential section through the right operculum. A pattern of alternating light and dark columns of approximately equal width was visible in the unprocessed tissue. Fig. 1B shows the same section after subsequent staining for CO. In layer IVc the distribution of CO was perfectly homogeneous. Nothing was observed to correspond to the pattern of stripes seen in the wet section before staining. In layers II and III, alternating rows of light and dark CO patches were visible (not illustrated). Fig. 1C shows a montage of autoradiographs prepared from alternate sections through layer IVcb. Again, light and dark stripes could not be discerned. From this finding, we concluded that the remaining left eye's columns had expanded to obliterate those of the enucleated right eye, accounting for the lack of any autoradiographic or CO pattern in layer IVcb. Even the representation of the left eye's blind spot, located in a more peripheral region of the right striate cortex, was filled in completely by [ 3 H]proline (Fig. 1D ). In normal animals, this region appears as a dark, unlabelled oval because the left eye contributes no input after tracer injection.
In this experiment, we were puzzled by the discrepancy between the findings in the wet, unstained sections and the autoradiographs. After monocular enucleation in adult macaques, a pattern of alternating light and dark columns emerges in wet, unstained sections (Horton & Hocking, 1997a) . These columns correspond to the ocular dominance columns. The presence of similar columns in wet sections after monocular enucleation at age 1 week suggested that ocular dominance columns were preserved in the cortex. However, the autoradiographs showed complete labelling of layer IVcb by geniculocortical afferents of the remaining eye; no column remnants corresponding to the enucleated eye were apparent.
These seemingly contradictory findings might be reconciled if residual ocular dominance columns serving the enucleated right eye in layer IVcb were obscured by massive artefactual spillover of autoradiographic label in the lateral geniculate body. Two pieces of evidence argued against this explanation. First, the geniculate laminae innervated by the left eye were crisply labelled, with no more spillover than seen qualitatively in Monkeys 3 and 4, who had well segregated bands of cortical label (Fig. 2) . Second, other layers of striate cortex (e.g. IVca and IVa) showed well-preserved ocular dominance columns. Fig. 3 provides an example of the ocular dominance columns in layer IVa (the "honeycomb"). The labelled columns were expanded, but unlabelled gaps remained, corresponding to the enucleated eye. The simplest interpretation of these results is that the ocular dominance columns are more vulnerable to the effects of enucleation in layer IVcb, than in other layers. As a consequence, they are eliminated in layer IVcb by early monocular enucleation, but survive in other layers. The reason why columns are visible in wet, unstained sections but not after CO processing or autoradiography, will be considered further in the Discussion.
Monkey 2
The same protocol was followed as in Monkey 1: the right eye was enucleated at age 1 week and the left eye was injected with [ 3 H]proline at age 2 years. The results were similar. Striate cortex from each hemisphere was unfolded and flattened as a single piece of tissue (Horton & Hocking, 1996b) . As in the prior animal, light and dark columns were visible in wet, unstained sections viewed in darkfield (not illustrated). However, no pattern of columns was visible in autoradiographs passing through layer IVcb (Fig. 4) . By contrast, in layers IVca (Fig. 5A ) and layer IVa the ocular dom- inance columns were plainly visible in autoradiographs. Stripes were also apparent in Liesegang-stained sections (Fig. 5B) . As reported previously, the dark Liesegang stripes were in register with the ocular dominance columns of the remaining left eye (Horton & Hocking, 1997a) .
In layer IVcb the distribution of CO activity was homogeneous (not illustrated). In the upper layers, light and dark rows of CO patches were visible (Fig. 6A) . The contrast between the light and dark rows was less striking than in adult monkeys after monocular enucleation (Horton, 1984; Trusk et al., 1990 ). This finding suggests that inputs serving the remaining eye may have partially innervated patches belonging to the missing eye, mitigating the loss of CO activity induced by enucleation. In layers IVb and IVca, dark rows of CO activity (Fig. 6B) were aligned with the dark rows of patches in layers II and III.
Monkey 3
The right eye was enucleated at age 5 weeks, and the left eye was injected with [ 3 H]proline at age 15 months. Fig. 7 shows autoradiographic montages of layer IVcb from both striate cortices. The unlabelled columns of the right eye were severely narrowed, occupying only 20% of the cortex on each side (Table 1, see page 300). In layer IVca the degree of column shrinkage was less pronounced (not illustrated). Fig. 8A shows a single section stained for CO. Shrunken pale columns alternating with widened dark columns were visible throughout layer IVc. As in the autoradiographs, the pale columns were narrowed more drastically in layer IVcb than IVca. An adjacent section stained with the Liesegang method (Fig. 8B ) also showed columns in layer IVc. The dark and light columns were more nearly equal in width than those present in the CO sections and autoradiographs. We do not know why the Liesegang stain failed to reveal much evidence of column shrinkage from deprivation. It yielded stripes which seemed to remain loyal to the original column boundaries. Fig. 9 shows a portion of layer IVcb from Monkey 3 at higher power. The match between the dark CO columns and the expanded columns of autoradiographic label from the left eye was extremely close (compare Figs. 9A and 9B ), proving that CO histochemistry is a reliable method for detecting ocular dominance columns in animals that have undergone early monocular enucleation. The dark Liesegang columns also coincided with the dark CO columns (compare Figs. 9A and 9C) , although, again, they showed little shrinkage.
In V2, a typical pattern of repeating thin-pale-thick-pale stripes was visible (Fig. 10) , despite early monocular enucleation. Because thick CO stripes have been implicated in stereoscopic mechanisms, we predicted degradation of the thick stripes after early removal of one eye. However, we observed a normal pattern of CO stripes in three of the four monocular monkeys in this study. The normal thin-pale-thick-pale pattern was difficult to discern only in Monkey 1.
Monkey 4
The right eye was enucleated at age 12 weeks and the left eye was injected with [ 3 H]proline at age 1 year. The autoradiographic montages showed only slight shrinkage of the right eye's ocular dominance columns (Fig. 11) . On the opercula they occupied 2-5% less territory than the mean percentage in normal monkeys (Table 1) . In the periphery, they measured 10% less than the mean in normal monkeys. These findings demonstrate that the critical period for susceptibility of ocular dominance columns to shrinkage caused by monocular enucleation had not quite ended by age 12 weeks.
Patient 1 (W.S.)
This boy was examined by an ophthalmologist 4 h after birth because of a family history of retinoblastoma. A large tumor was present in the right eye which involved the macular region. In the left eye there were four small tumors in the peripheral fundus, each located more than 20 deg from the fovea. The right eye was enucleated at age 1 week and the tumors in the left eye were eradicated with cryotherapy and laser photocoagulation. At age 4 years and 3 months, the child died of a primitive neuroectodermal tumor in the pineal region (pineoblastoma). The acuity in the remaining left eye was 20050 one month before death.
The occipital lobes were obtained 15 h postmortem and fixed by immersion for 2 h. Flatmounts of V1 were prepared for CO histochemistry. CO patches were present in the upper layers. They could not be differentiated into light and dark rows. In layer IVc no ocular dominance columns were visible (Fig. 12) .
Patient 2 (J.L.R.)
At age 10 weeks, this girl was noted by her mother to have an abnormal white pupil in her left eye. She was examined under anesthesia by an ophthalmologist who discovered an exophytic retinoblastoma filling approximately 50% of the ocular fundus. The eye was enucleated at age 14 weeks. There was a total retinal detachment with atrophy of the photoreceptor and ganglion cell layers. At age 2 years and 4 months, the child died of a brain tumor. The vision in the remaining right eye seemed normal until her death, but she could not be tested formally. No abnormality of the right eye was found upon autopsy examination.
The occipital lobes were placed into fixative 11 h after death. After a 3-h fixation by immersion, the intact occipital lobe blocks were sectioned sagittally. Fig. 13 shows a representative section from the left occipital lobe. Faint rows of CO patches spaced about 1 mm apart, oriented perpendicular to the V10V2 border, were visible in the upper layers. CO activity was homogeneous in layer IVc. No ocular dominance columns were seen.
Discussion
Effects of enucleation versus eyelid suture
We have measured previously the degree of ocular dominance column shrinkage in complete flatmounts of striate cortex from macaques deprived of vision by monocular suture at 1, 3, 5, 7, and 12 weeks after birth (Horton & Hocking, 1997b) . That study provides a basis for comparing the effects of suture with those described in this present report for enucleation. After eyelid suture at age 1 week, the deprived eye's columns were severely shrunken, but still occupied 8-16% of layer IVcb. By contrast, enucleation at age 1 week eliminated altogether the columns of the missing eye in layer IVcb. After eyelid suture starting at age 5 weeks, the shrunken columns averaged 38% of layer IVcb on the operculum. Again, by comparison, after monocular enucleation at age 5 weeks the missing eye's columns filled only 20% of layer IVcb (Table 1) . Enucleation had a greater effect than suture, so that monocular enucleation at age 5 weeks caused more column shrinkage than monocular suture at age 3 weeks (compare Monkey 3 in this report with Monkey 4 in Horton & Hocking, 1997b) . The duration of the critical period for ocular dominance column plasticity was also longer for enucleation than for lid suture. This inference was supported by the finding that enucleation at age 12 weeks (Monkey 4) resulted in mild column shrinkage, whereas eyelid suture at this age induced no column shrinkage (Monkey 8, Horton & Hocking, 1997b) .
Our observation that enucleation produces greater column shrinkage than eyelid suture is consistent with the report by Hubel et al. (1977b) that enucleation causes more profound atrophy of cells in the lateral geniculate body. Greater atrophy of geniculate cells is likely to correlate with a smaller arbor of axon terminals in striate cortex (Guillery & Stelzner, 1970) . It is also consistent with a report comparing the effects of tetrodotoxin versus lid suture in kittens (Chapman et al., 1986) . In this study, the ocular preference of cortical cells shifted in favor of the lid-sutured eye, indicating that tetrodotoxin had a more drastic effect than lid suture. Although tetrodotoxin injection is not exactly equivalent to enucleation, in both cases retinal ganglion cells are silenced.
Our results are also compatible with studies of deprivation effects in other cortical regions. Cautery of whisker follicles in neonatal rodents causes shrinkage of corresponding cortical barrels, but plucking whiskers has little effect on barrel size, although more subtle changes in cortical organization still occur (Weller & Johnson, 1975; Woolsey & Wann, 1976; Simons & Land, 1987; Fox, 1992 , Li et al., 1995 . After eyelid suture or whisker shaving, levels of spontaneous neuronal activity (and some limited physiologically driven responses) are likely to be greater than those following actual destruction of the receptor end organ. In addition, levels of trophic substances required for maintenance of neuronal pathways will be better sustained. Both of these factors may account, at least in part, for why anatomical changes in the cortex from deprivation are milder than those following deafferentation. 
An immutable scaffold for ocular dominance columns
In a previous study (Horton & Hocking, 1997b) , we reported that ocular dominance columns were shrunken more in layer IVcb (parvo) than layer IVca (magno) by eyelid suture. We observed the same finding following monocular enucleation. After enucleation at age 1 week, the columns of the missing eye were eliminated in layer IVcb, but preserved in layer IVca (Fig. 5) . It is unknown why columns in these sublayers of layer IVc are affected differently by lid suture and enucleation.
Columns also survived in layer IVa (Fig. 3) after monocular enucleation. The source of the geniculate input to layer IVa is uncertain, although parvocellular laminae have been suggested (Hubel & Wiesel, 1972; Hendrickson et al., 1978; Blasdel & Lund, 1983) . The fact that geniculate projections to layer IVa and layer IVcb were affected differently by enucleation implies that they may derive from different geniculate populations. Alternatively, it is possible that afferents from the same cell type react differently following deprivation, depending upon their cortical layer of projection.
The most surprising finding was that columns could be seen in wet, unstained sections through all cortical layers after monocular enucleation at age 1 week. They looked like the columns seen after monocular enucleation in adult macaques (Horton & Hocking, 1997a) . The crucial difference, of course, is that the width of ocular dominance columns in adults remains unchanged after monocular enucleation. We do not know why columns were visible in wet sections through layer IVb, but were obliterated in CO sections and autoradiographs (Fig. 1) . We suggest that the pattern seen in wet sections reflects vertical projections through the cortex organized by ocular dominance. These intrinsic cortical connections may form a scaffold for ocular dominance which survives after early monocular deprivation. According to this notion, the basic cortical framework for ocular dominance columns in macaques is laid down before birth along the rows defined by the CO patches (Horton & Hocking, 1996a) . The geniculate afferents supplying the cortex may shrink after deprivation, by an amount which varies by cortical layer, but the basic columnar pattern of the cortex is immutable. It is preserved by vertical connections through the cortical layers, which provide the substrate for the columns seen with the Liesegang stain. Of course, if monocular enucleation is performed very early, for example, during midgestation, ocular dominance structure is eliminated entirely and even ocular segregation in the lateral geniculate body is absent (Rakic, 1981) .
CO patterns after early monocular enucleation
We have shown by comparing CO sections with autoradiographs ( Figs. 1 and 9 ) that the pattern of CO activity after early monocular enucleation corresponds to the ocular dominance columns, as defined by labelling of geniculocortical projections. Therefore, one can depend upon CO histochemistry in human subjects with a history of early monocular enucleation to delineate accurately the ocular dominance columns. It was important to nail down this point, because after monocular suture, as opposed to enucleation, CO histochemistry yields patterns which do not reflect faithfully the actual boundaries of the ocular dominance columns in layer a The shrinkage was calculated by subtracting the percentage of the right eye column area (line above) from the mean percentage in normal animals. In normal animals, the mean percentage for the right eye is 52% in the contralateral operculum, 48% in the ipsilateral operculum; 63% in the contralateral periphery, 37% in the ipsilateral periphery (Horton & Hocking 1996b) .
IVcb, as defined by transneuronal tracers (Horton, 1984; Hendry & Jones, 1986; Horton & Stryker, 1993; Wong-Riley, 1994; Horton & Hocking, 1997b) . After monocular enucleation, the degree of column shrinkage defined by autoradiography varied according to the cortical layer.
As pointed out above, it was more severe in layer IVcb than IVca. Consequently, the width of pale CO columns was narrower in layer IVcb than layer IVca after monocular enucleation. It is important to be cognizant of this distinction, so that comparisons between CO patterns obtained following enucle- ation at different ages are interpreted accurately by analysis of the same cortical layer.
V2 stripes are unaffected by monocular enucleation
The pattern of thin-pale-thick-pale stripes in V2 was unaltered after early monocular enucleation, except in Monkey 1. We cannot explain why Monkey 1 was different, except to note that occasionally the tripartite pattern is obscure in normal macaques. There is evidence that cells sensitive to retinal disparity are concentrated in V2 thick stripes (Hubel & Livingstone, 1987; Roe & Ts'o, 1995) . For this reason, one might have expected loss of CO activity in thick stripes, or blurring of the distinction between thick and thin stripes. Our failure to find such changes is consistent with reports that disparity-tuned cells are found in all three V2 compartments (Peterhans & von der Heydt, 1993) and that segregation of cell types by V2 stripe category is not strict (Levitt et al., 1994; Gegenfurtner et al. 1996) . The finding of a normal CO pattern in V2 after early monocular enucleation is also consistent with the notion that inputs from each eye are merged on a fine scale in V2, erasing any trace of the ocular dominance columns which are so prominent in V1.
Defining the critical period in humans
We have reported previously that CO activity is homogeneous in layer IVcb following eyelid suture at age 1 week in the macaque, although ocular dominance columns labelled by autoradiography are preserved, albeit severely shrunken (Horton & Stryker, 1993; Horton & Hocking, 1997b) . Based upon this finding, one would expect no CO columns in layer IVcb from a human subject with a history of congenital cataract, unless the retina or optic nerve in either eye were subsequently injured. For this reason, specimens from subjects who suffered from an early eye tumor or trauma represent the best source of data about the timing of the plasticity of ocular dominance columns in humans. From our experiments in macaques, we know that the shrinkage of columns following eye damage will be more severe than following mere deprivation (e.g. cataract, ptosis), but the duration of the critical period probably will be prolonged only slightly.
In the first subject (W.S.), the homogeneous CO pattern after enucleation at age 1 week was not surprising, given the similar result in the macaque (Monkeys 1 and 2) . However, we expected to see ocular dominance columns in the second subject (J.L.R.), who underwent enucleation at a later age. Their absence after enucleation at age 14 weeks suggested that the visual insult from the tumor actually began at an earlier age, well before the eye was enucleated. This would be consistent with the family's report that the pupil looked white at age 10 weeks. The absence of columns might also be interpreted to mean that the critical period in the human lasts longer than in the macaque, so that enucleation at a relatively older age still resulted in obliteration of columns in layer IVcb. To distinguish between these possibilities, it would be helpful to examine cases involving childhood trauma, when the date of injury is known precisely. Alternatively, we need cases in which the growth of the intraocular tumor is better documented. With the foundation set by these macaque studies, and a bit of persistence, it should be possible to define the critical period for plasticity of ocular dominance columns in humans by collecting data from such cases.
